Exposure of Enterococcusfaecalis cells carrying the tetracycline resistance plasmid pCF10 to the heptapeptide pheromone cCF10 results in an increase in conjugal transfer frequency by as much as 106-fold. Pheromone-induced donor cells also express at least two plasmid-encoded surface proteins, the 130-kDa Sec 10 protein, which is involved in surface exclusion, and the 150-kDa AsclO protein, which has been associated with the formation of mating aggregates. Previous subcloning and transposon mutagenesis studies indicated that the adjacent EcoRI c (7.5 kb) and e (4.5 kb) fragments of pCF10 encode the structural genes for these proteins and that the EcoRI c fragment also encodes at least two regulatory genes involved in activation of the expression of the genes encoding AsclO and SeclO. In this paper, the results of physical and genetic analysis of this region of pCF10, along with the complete DNA sequences of the EcoRI c and e fragments, are reported. The results of the genetic studies indicate the location of the structural genes for the surface proteins and reveal important features of their transcription. In addition, we provide evidence here and in the accompanying paper (S. B. Olmsted, S.-M. Kao, L. J. van Putte, J. C. Gallo, and G. M. Dunny, J. Bacteriol. 173:7665-7672, 1991) for a role of Ascl0 in mating aggregate formation. The data also reveal a complex positive control system that acts at distances of at least 3 to 6 kb to activate expression of AsclO. DNA sequence analysis presented here reveals the positions of a number of specific genes, termed prg (pheromone-responsive genes) in this region of pCF10. The genes mapped include prgA (encoding SeclO) and prgB (encoding Asc10), as well as four putative regulatory genes, prgX, -R, -S, and -T. Although the predicted amino acid sequences of SeclO and AsclO have some structural features in common with a number of surface proteins of gram-positive cocci, and the AsclO sequence is highly similar to that of a similar protein encoded by the pheromone-inducible plasmid pAD1 (D.
Conjugal transfer of certain plasmids in Enterococcus faecalis is induced by small, hydrophobic peptide pheromones (18; and reviewed in references 13 and 17) . Potential recipients can secrete at least five different pheromones to solicit DNA transfer from donor cells carrying the cognate plasmids (13, 19) . In response to pheromone induction, the donor cells produce several surface protein antigens (21, 22, 27, 35, 42, 56, 60) , including a surface adhesin called aggregation substance that facilitates the formation of mating aggregates (13, 17, 19, 27, 56) . We have identified two major pheromone-inducible surface antigens that are associated with the 58-kb tetracycline resistance plasmid pCF10 (17) . Similar-size proteins have been identified on cells carrying the hemolysin plasmid pAD1 (22, 27) , and the various groups working in this area have recently agreed on a nomenclature system for these proteins (59) . In this and the accompanying paper (45) , we show that the 150-kDa AsclO (formerly Tral50) protein, which can be detected only in extracts of pheromone-induced cells carrying pCF10, plays a role in the aggregation of donor and recipient cells. The 130-kDa SeclO (formerly Tral30) protein is produced constitutively by cells carrying pCF10 and migrates on gels as a series of bands with apparent molecular weights of 1.2 x 105 to 1.3 x 105. Upon pheromone induction, the amount of this protein increases substantially, and there is a shift in the migration pattern such that the 130-kDa form of the protein is predominant (21, 41 ). SeclO appears to have no direct role in the formation of mating aggregates. Results of mating experiments utilizing monoclonal antibodies have suggested that this protein mediates surface (entry) exclusion to prevent donor cells from self-mating (21) . Recently, we described the cloning and expression of the genes encoding these proteins in Escherichia coli and E. faecalis (10) . These two genes reside in two adjacent restriction fragments of pCF10, namely, the 7.5-kb EcoRI c fragment and the 4.5-kb EcoRI e fragment.
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fragment. The R150 region (-1 kb) appeared to encode a positive control function required for expression of the 150-kDa AsclO protein (but not SeclO) in E. faecalis. The R150 region spans a segment of pCF10 where insertion of Tn917 into any of three small, adjacent regions (tra 4 to 6) of the wild-type plasmid abolished pheromone-inducible transfer functions (9, 10) . A second regulatory locus encoded by the Eco RI c fragment, R130, was proposed to activate expression of SeclO in E. faecalis because chimeric plasmids containing TnS insertions in this region did not confer expression of the 130-kDa SeclO protein when transferred to E. faecalis by protoplast transformation (10) . To better characterize this important region of pCF10, we have carried out more extensive transposon mutagenesis and in vitro deletion analysis. In this communication, we also report the complete nucleotide sequences of these two fragments, which represent approximately half of the total pheromoneinducible transfer system of this plasmid. These data have allowed us to assign precise locations of a number of specific genes, denoted prg (pheromone-responsive genes), which are involved in pheromone-inducible conjugal transfer of pCF10.
MATERIALS AND METHODS
Bacterial strains, media, and reagents. The bacterial strains and plasmids used in this study are listed in Tables 1 and 2 . E. coli was propagated in LB or M9 medium (40) . E. faecalis was grown in BYGT or M9-YE medium (16) . The concentrations of antibiotics in selective media were described previously (10 Protein extraction and immunoblotting. All of the immunoblotting studies presented in this report were carried out by using a polyclonal rabbit antiserum raised against pheromone-induced E. faecalis cells carrying pCF11, as described previously (10) and in the accompanying paper (45) . Our Guo et al. (28) . Dideoxychain termination DNA sequencing (48) was carried out by using T7 DNA polymerase (52) and [a-355] dATP (4) and double-stranded plasmid as a source of template (7) . In many cases, internal oligonucleotide primers were used to extend the sequence information from a given clone. The products of the sequencing reactions were resolved on a 6 or 8% polyacrylamide gel. Both strands of the DNA were sequenced, and each sequence of both strands was verified by analysis of at least two gels. The DNA sequence was assembled and analyzed by using the Pustell/IBI computer programs and Intelligenetics Suite/PC Gene programs at the University of Minnesota Molecular Biology Computing Center. Tn5 insertion mutagenesis of cloned pCF10 DNA has been described elsewhere (10) , and 10 independent mutagenesis experiments were conducted in the present studies.
Transformation of E. faecalis was done on protoplasts (58) . E. coli cells were transformed according to Hanahan (31) .
Nucleotide sequence accession number. The GenBank accession number is M64978 for the sequences reported here.
RESULTS
Genetic and physical mapping of the Eco RI c and e fragments of pCF10. Previous studies indicated that the Eco RI c and e fragments of pCF10 contained structural and regulatory genes required for expression of the SeclO and AsclO proteins. To confirm and extend these findings, we generated a large number of insertion mutations of this region by using the transposon Tn5. Tn5 insertions were obtained in plasmids pINY1801 (c and e), pINY1825 (c), and pINY1842 (c; opposite orientation from pINY1825). In the case of insertion mutants derived from the latter two plasmids, we analyzed SeclO expression, while both SeclO and AsclO expression was analyzed in pINY1801::Tn5 derivatives. We also derived a series of nested deletions in the EcoRI c fragment in vitro as described in the Materials and Methods. All of these mutations were mapped physically by restriction endonuclease digestion (the positions of the mutations are indicated in Fig. 1 ). The mutant plasmids were originally characterized in an E. coli background, and a number of them were transformed subsequently into E. faecalis. (Immunoblotting analysis of the proteins produced by E. coli and E. faecalis strains carrying the mutant plasmids is illustrated in Fig. 2 and 3 .) These studies resulted in identification of four distinct genetic loci, prgA, prgB, prgR, and prgX, which are described individually below.
The prgA locus. The boundaries and the orientation of the prgA gene encoding the SeclO protein were determined by analysis of nested deletions of the Eco RI c fragment as well as by transposon mutagenesis. As indicated in the lower portion of Fig. 1 showed that all insertions between the positions of pINY4502 and pINY4549 affected the production of SeclO ( Fig. 1 and 2 ). In particular, pINY4532, -4253, -4261, -4503, and -4552 encoded 100-, 97-, 110-, 118-, and 126-kDa truncated SeclO derivatives, respectively. Although the insertions in pINY4532 and -4253 were mapped at the same position, the SeclO encoded by pINY4253 appeared smaller tive cocci in an E. coli host (8) . Chimeric plasmids derived both from pDL276 and from pUC18 and -19 were then used in sequencing reactions, which allowed for the determination of the entire sequence of both strands of both fragments.
The sequence of 11,958-bp c and e fragments (Fig. 4 ) exhibited an overall G+C ratio of 35%, consistent with the moles percent G+C content of E. faecalis (23) . However, some regions, e.g., open reading frame 2 (ORF2) (prgX), showed only 26% G+C. Sixteen potential ORFs were identified, with ORF2, -6, -8, -10, -12, -13, and -16 encoded by the complementary strand. Their locations are shown in Fig. 4 . ORF2 coincided with prgX, while ORF4 and ORF5 corresponded to the prgR locus (Fig. 1) . Therefore, the prgR locus was divided into two genes, designated as prgR and prgS, respectively. ORF9 corresponded to prgA, and ORF1 corresponded to prgB. Figure 4 also shows the translated sequence of several ORFs from the top strand plus the translated prgX sequence, transcribed from the complementary strand. ORFi began at the first base of the fragment and probably represents a gene whose transcription initiates in the adjacent EcoRI b fragment. Two ATG triplets in the same reading frame, at 3633 and 3681, could start ORF9. ORF8 began within ORF9 and ended just before the first potential start codon of ORF9. ORFi and ORF2 converged at the ends, while ORF6 and ORF7 could encode divergent, overlapping genes. The two (49) or Bacillus subtilis 16S rRNA (30) , and most of these ORFs are also preceded by sequences resembling consensus vegetative promoter sequences of B. subtilis (15) . However, in several instances in which we have begun to map the 5' ends of transcripts of some of these genes (11) , it appears that some of these putative promoters may not be used. Therefore, we hesitate to make conclusions about promoter activity based on sequence data only, especially with these genes, which may be subject to a novel form of regulation, and we have not indicated promoters in Fig. 4 . Two ORFs (ORF7 and ORF15) have been given the gene designations prgT and prgC because we feel they may have important roles in pheromone-inducible conjugation, even though we have no direct genetic evidence for their functions as yet. These gene designations are based on similarity of these ORFs to previously sequenced genes (see Discussion) and on the fact that recent mRNA analysis (11) indicates that transcription of these sequences is pheromone inducible.
Sequences with potential secondary structure. Several inverted repeat sequences (IR) were identified (Fig. 4) . IR1, which includes the TAA termination codon of prgX, is a 24-base perfect inverted repeat followed by six thymidines, a structure resembling a factor-independent transcription terminator. This structure, having an estimated free energy of -32 kcal (1 kcal = 4.184 kJ)/mol (53), would be thermodynamically stable and thus could serve as the transcription termination signal of prgX. It is also possible that this region could be involved in termination of transcription of ORF1. Similarly, IR3 may be the transcription terminator of ORF3.
A region between 40 and 90 bases upstream of prgX spanned both IR2 and a potential promoter sequence of prgX. Several dyad structures were found immediately upstream and within the 5' translated region of prgX. The palindromic sequence IR4 (-15.2 kcal/mol) was located upstream of ORF4 and could be involved in the regulation of prgR expression, since similar structures have been shown to be involved in other procaryotic regulatory mechanisms (36) . IR5 (-12.8 kcal/mol) is just downstream from the end of prgA and also includes a portion of a putative prgB promoter region identified recently by mRNA analysis (11) . IR5 could thus be involved in termination of prgA transcription, control of prgB transcription, or both. Although the predicted thermodynamic stability of the secondary structure formed by IR6 (-13.8 kcal/mol) is somewhat low, this sequence potentially could serve as the terminator for prgB. The translated polypeptides. Table 3 lists properties of the deduced polypeptides. Although several of the ORFs are fairly short, we have genetic evidence and some transcription data (11) indicating that at least some of these may encode important products. Therefore, we have listed all of the potential ORFs from both strands that would encode polypeptides of at least 40 amino acids.
The translated sequence of prgA encoding SeclO was 98 or 100 kDa, depending on the initiation site used (we favor the second site because it is preceded by a potential ribosome binding site). The mature protein would be 95 kDa upon removal of the signal peptide. This is much smaller than the apparent mass of SeclO, which is 130 kDa on an SDSpolyacrylamide gel. The difference could be due to the high content of small amino acid residues. Twenty-three percent of the translated ORF9 was made up of glycine, proline, and alanine, which are known to cause the slow migration of polypeptides on SDS-PAGE (25) . The high proline content near its C terminus might also contribute to the aberrant migration of SeclO. In this respect, the type 6 M protein of Streptococcus pyogenes has been shown to migrate normally when the proline-rich C-terminal end is removed (32). However, posttranslational modifications which often result in altered migration of peptides cannot be ruled out.
The carboxy terminus of SeclO contained a segment of hydrophobic amino acids followed by six basic residues (Fig.  4) . This region shared 28 and 31% identity with the corresponding segment of the staphylococcal protein A and streptococcal M6 protein that were proposed to be the membrane-spanning domains (29, 32) . Therefore, this hydrophobic segment of SeclO might also serve the same function, with the positively charged tail presumably protruding into the cytoplasm. A proline-rich region was observed N terminal to this hydrophobic segment (Fig. 4) , including the putative wall-spanning sequence LPQTGE, a motif highly conserved among many surface proteins from gram-positive cocci (24) . This region of M6 protein is involved in the 
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AACAGATCCAGCAACTCCACCAATTACCGAACCAACTGATTCTAGTGAACCTACGAATCCTACTGAGCCGGTGGATCCTGCAGAACCGCCAGTAATACCA T D P A T P P I T E P T D S S E P T N P T E P V D P A E P P V I P 11200 ACTGATCCAACAGAACCAAGCAAGCCAACCGAGCCTACAACACCGAGTGAGCCAGAAAAGCCAACAGAACCAACAACGCCAATTGATCCTGGAACGCCGG T D P T E P S K P T E P T T P S E P E K P T E P T T P I D P G T P V 11300 TTGAACCGACTGAACCAAGCGAGCCAACA6AACCTAGTCAACCAACCGAGCCTACAACACCAAGCGAACCAGAAAAACCTGTTACTCCAGAACCQCCGAA E P T E P S E P T E P S Q P T E P T T P S E P E K P V T P E P P K 11400 AGAACCAACTCAACCQGTGATTCCQGAAAAACCQGCAGAACCQGAAACACCAAAAACTCCTGAACAGCCQACTAAACCAATAGACGTAGTCGTTACACCT E P T Q P V I P E K P A E P E T P K T P E Q P T K P I D V V V T P Stop of 0W1 11500 attachment of the protein to the peptidoglycan moiety of the streptococcal cell wall (46) . This region of SeclO probably has a similar role. Immediately after the second initiator methionine of SeclO were two lysine residues and a region containing mostly hydrophobic amino acids (Fig. 4) . These features are often characteristic of signal peptides of procaryotic secreted proteins (57) . SeclO had a helix-breaking amino acid (Pro or Gly) before the presumed signal peptidase cleavage sequence QAA. A hydrophilic region at the N-terminal is characteristic of signal peptides in gram-positive organisms (57) . A hydropathy analysis (38) and computer prediction of secondary structure, using the Intelligenetics Suite, indicated that SeclO is very hydrophilic with the exception of the N and C termini and probably contains extended regions of ox-helical structure. The presumed membrane anchor could account for the hydrophobicity of the C terminus, while the hydrophobic core of the signal peptide corresponded to the N-terminal hydrophobic domain.
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For AsclO, the predicted molecular weight of the translated amino acid sequence is 142,000, although the relative migration in an SDS-polyacrylamide gel is approximately that of a 150-kDa protein. This discrepancy could be due either to the amino acid composition of the protein or to posttranslational modification. As was observed with SeclO, the amino terminus of AsclO featured a positively charged segment followed by a hydrophobic core and then a polar region. Two possible signal peptidase cleavage sites have been identified in AsclO at the amino-terminal end of the protein, one between positions 43 and 44 and one between positions 90 and 91. Data reported by Galli et al. (26) from the analysis of Asal, the aggregation substance encoded by the E. faecalis conjugative plasmid pAD1, would support the first cleavage site at position 43. AsclO also contains a hydrophobic carboxy terminus preceded by a proline-rich region and the putative wall-spanning sequence LPKTGE. As in the case of SeclO, AsclO is predicted to be fairly hydrophilic except for the two termini. In contrast to SeclO, computer-generated structural predictions suggest that the AsclO protein is primarily globular (59 (11) . The results to date indicate that ORF7 is part of a pheromone-inducible transcript that also includes most of ORF5 (prgS). ORF7 seems to be located in a region (between the Tn5 insertions in pINY4502 and pINY4162, shown in Fig. 2 ) where no insertional mutants were obtained. As noted above, on the basis of transcriptional data (11) deletion mutations near the 3' ends of the cloned prgA and prgB genes, provides very strong evidence that these genes actually encode these two proteins.
The SeclO protein is very likely made as a precursor containing a signal peptide, which is consistent with its cell surface location (10, 54) . With regard to the putative membrane anchor region encoded by the 3' end of prgA, loss of the membrane anchor could explain the failure to detect truncated SeclO proteins in surface antigen extractions of E. faecalis carrying pINY4004 and -4503. These two mutants 153 175 5 . Alignment of the amino acid sequence of SeclO with sequences colicins E2, E3, and E8 (ColE2, ColE3, and ColE8) of E. coli. Shown is alignment of a segment of SeclO extending from residues 153 to 175 against a segment of the C-terminal peptide encoded by a conserved fragment of all three colicin genes containing the receptor-binding domain, and extending from 57 to 139 bp downstream from an internal ClaI site in the structural genes, as described previously (55) . Identical residues are indicated in boldface. The alignment was carried out by using the PC Gene program from Intelligenetics.
were mapped 5' to the putative membrane anchor region (Fig. 1) . A hydropathy analysis of SeclO indicated that this protein is very hydrophilic. Since SeclO is a surface protein, the majority of the molecule probably is extruded out on the cell exterior. Secondary structure predictions of the prgA product indicated a high probability of helical structure. Although the sequence of the prgA product did not show extended similarity to any of the sequences in the data banks, a region between residues 140 to 180 shared 34% identity with the receptor binding domain (55) of colicins (Fig. 5) . The significance of the resemblance is unknown. Some of our data (34) (Fig. 4) . Of particular interest are two motifs found in the protein; at amino acid positions 600 and 930 are the residues Arg-Gly-Asp-Ser (RGDS) and Arg-Gly-Asp-Val (RGDV), respectively (Fig. 4) . These RGD motifs have also been identified in the same positions in the highly related Asal protein (26, 59) encoded by the hemolysin plasmid pAD1, which encodes a pheromone-inducible transfer system stimulated by the peptide pheromone cAD1 (13) . These motifs have been identified as recognition sequences for eucaryotic membrane receptors known as integrins (33a), suggesting the possibility that the enterococcal aggregation substances could act as virulence factors mediating adherence to eucaryotic cells.
The deduced product of prgC is similar to that of the ORFC sequence from the broad-host-range conjugative plasmid pAMP1 (14, 51) . The two deduced proteins have a protein similarity of 39%, using a PAM-256 similarity matrix (5), with comparable predicted molecular weights. In addition, both exhibit extensive direct repeats and high proline content. Both the putative prgC product and the ORFCencoded protein exhibit a predicted signal sequence (residues 1 to 24), a possible membrane anchor region, and are predicted to be associated with the cell surface. The strong similarity between these two gene products suggests that they may function in a step of plasmid transfer that is common both to pheromone-inducible plasmids which transfer efficiently in liquid and to broad-host-range plasmids such as pAM,1, which generally require solid surfaces to transfer (13) .
The prgR and prgS genes appear to be required for prgB expression in E. faecalis because several TnS insertions in this region completely abolished AsclO synthesis. It might be predicted that prgR and prgS would act in trans to control prgB expression, because prgA is located between these genes and prgB ( Fig. 1 and 5 ). TnS insertion in prgX appears to be lethal to E. faecalis cells carrying the Eco RI c fragment, because such insertions resulted in deletions or other rearrangements upon transfer from E. coli to E. faecalis. Recent subcloning studies suggest that, in addition to prgR and prgS, prgX may be required for prgB expression (11) . These recent results also indicate that complete deletion of prgX, including the putative promoter region, generates a plasmid that is stable in enterococci. However, construction of partially deleted prgX derivatives seems to result in lethality, similar to that observed with prgX::TnS mutants described here. Thus, it appears that certain truncated prgX derivatives may encode a product that is toxic to E. faecalis cells. Although genetic disruption or deletion of the prgX, -R, and -S genes have marked effects on expression of surface antigens involved in plasmid transfer, there is little similarity of these gene products to any regulatory proteins in the data bases, with the exception of some marginal relatedness of the prgX product to transcriptional activators of Drosophila (37) and Shigella (1) species.
We assigned the gene designation prgT to ORF7 on the (9, 10, 17) and in this report and to be reported elsewhere (11) . A number of products encoded by the region of pCF10 including prgR, -S, and -T are required to activate expression of prgB (and probably additional genes involved in plasmid transfer, as indicated by the broken arrow). In cells carrying wild-type pCF10, this activation mechanism is blocked (by an unknown mechanism) by one or more functions encoded by the region to the left of the EcoRl c fragment. The addition of exogenous pheromone to these cells results in a disruption of the negative control process, thus enabling the activation functions to operate. As indicated in the figure and discussed in the text, prgX, which is expressed constitutively, appears to be required for expression of both prgA and prgB. This is indicated by a separate regulatory circuit. See text for further discussion.
basis of recent evidence from our laboratory indicating that this region is part of a pheromone-inducible transcript, along with prgS (11) . The deduced prgT product shows some similarity (25 to 30% residue identity, depending on the alignment used) to the hutP gene product of B. subtilis (43) . The latter protein has been shown to be required to activate transcription of genes involved in utilization of histidine (43) . Because prgT is physically linked to, and seems to be cotranscribed with, a gene (prgS) required for activation of prgB and also shows similarity to another transcriptional activator, it probably interacts with the products of other genes in the prgX-R-S region in activating prgB.
On the basis of the results of our initial mapping and cloning studies of pCF10 (9, 10) , the results reported here, and those of ongoing complementation and transcriptional analyses (11) , an overall picture of the complex regulatory circuits controlling pheromone-inducible conjugal transfer of pCF10 is beginning to emerge. Our current view of the control mechanism is shown in Fig. 6 . In wild-type pCF10, there is a fairly large negative control region in the Eco RI b fragment to the left of Eco RI c (9, 17) . In the absence of pheromone, products of one or more genes in this region may block expression of aggregation and transfer functions, possibly by interfering with expression of one or more genes in the prgR-S-T region, or by blocking the activation process at a later stage. When this inhibition is overcome by addition of pheromone, by insertion of a transposon into the negative control genes (9), or by removing the negative control genes by molecular cloning (10), the positive control system mediates activation of aggregation and transfer functions. Analysis of gene fusions to the prgB promoter and mapping of transcripts (11) indicate that the activation mechanism is at the level of transcription. The genes encoding transfer functions include prgB and probably other genes to the right of prgB, as discussed above and in the accompanying paper (45) .
The prgX gene has some regulatory functions that are not fully understood at the present time. As described in this report, TnS insertions in this gene have no apparent phenotype in an E. coli host but appear to be lethal in E. faecalis.
In Fig. 6 , we have indicated a second regulatory circuit involving activation of both prgA and prgB by the prgX gene product. This view is based on very recent results (11) of mRNA analysis and genetic complementation indicating that prgX is transcribed constitutively and that it is required for expression of both prgA and prgB. Thus, despite the fact that prgA and prgB have distinct control mechanisms, there is some overlap in the regulatory circuits. One possible model that could account for the results obtained thus far is that prgA transcription is constitutive and requires prgX. In the absence of pheromone, the transcript terminates at the 3' end of prgA. Pheromone induction could result in a readthrough of this transcript to include prgB, with the prgR-S-T region possibly providing an antitermination function. The presence of an inverted repeat (IR5) in the region that would be a likely site for a termination/antitermination regulatory mechanism is consistent with this type of model. Alternatively, the prgB transcript could initiate near the start of the gene and require products or sites from both the prgX and the prgR-S-T regions. Molecular and genetic experiments to distinguish between these models are in progress.
